Abstract The Amundsen Sea polynya (ASP) is reportedly the most productive among the coastal polynyas around Antarctica. However, observational constraints limit our understanding of the biological pump and carbon cycle in the ASP. We measured various carbon-related parameters such as primary production, bacterial production, sinking flux of particulate organic carbon (POC), and accumulation of organic carbon in the sediment as well as hydrographic parameters during field observations and by instrument moorings. Over 95% of the photosynthetically produced POC was converted to suspended POC and/or dissolved carbon forms in the upper~400 m layer. We postulate that most of the carbon transported to the water column by the biological pump in the ASP was flushed out of the shelf without being sequestered for long-term storage in sediments. Lack of bottom water formation due to intrusion of Circumpolar Deep Water in the lower layer reduces carbon sequestration efficiency.
Introduction
Polynyas around Antarctica are known for their high primary production (PP), amounting to 96 TgC yr À1 [Arrigo and van Dijken, 2003] . Previous studies have suggested that polynyas are a sink for atmospheric CO 2 [Arrigo et al., 2008a] as a result of high biological production in the austral summer and sea ice formation during winter. The generally accepted notion is that the atmospheric CO 2 absorbed by high PP is subsequently sequestered via bottom water formation around Antarctica [Arrigo et al., 2008b] . The Amundsen Sea polynya (ASP) is reportedly the most productive among the polynyas around Antarctica [Arrigo and van Dijken, 2003 ]. However, observational constraints limit our understanding of the fate of absorbed atmospheric CO 2 beyond the point of carbon fixation. It is unclear whether the absorbed carbon is sequestered in the local sediment or elsewhere in the ocean's interior.
We have been conducting field campaigns in the ASP and adjacent sea ice areas annually or biennially since the austral summer of 2010/2011. We obtained a variety of biogeochemical data including in situ PP, net community production (NCP), bacterial secondary production (BP), and year-round particulate organic carbon (POC) flux by time series sediment trap moorings, as well as total oxygen uptake rate and organic carbon accumulation rate in the sediments of the ASP (Figure 1 ). Hydrographic data were also obtained from LADCP (Lowered Acoustic Doppler Current Profiler) casts and year-round ADCP moorings. Some of these results have been described elsewhere [e.g., Meredith et al., 2016] . One of our research objectives was to understand the biological pump system currently operating in the Amundsen Sea and the fate of photosynthetically produced organic carbon, based on our POC flux results and other published results. This paper combines biogeochemical observations with an understanding of the unique water circulation in the Amundsen Sea in order to examine carbon sequestration efficiency in a productive polynya environment. We also provide implications of our findings on carbon sequestration in the polynyas around Antarctica, most of which have not been extensively studied yet. ASP was conducted from 31 December 2010 to 8 January 2011. This period corresponded to rapid development of a phytoplankton bloom to a peak in early January, based on remotely sensed chlorophyll a data (Figure 2) . The second cruise in the ASP was conducted 11-19 February 2012, when the phytoplankton bloom was declining. Vertical measurements of temperature, salinity, and currents were taken with a conductivity-temperature-depth (SeaBird Electronics SBE 911+) and an LADCP (300 kHz, Teledyne RDI).
Sinking particles for the POC flux were collected using a sediment trap Figure 1 ). POC flux was calculated from gravimetric determination of total mass flux and organic carbon content. Organic carbon content was determined as the difference between total carbon and inorganic carbon, which were analyzed using a Carlo-Erba elemental analyzer and a UIC coulometrics carbon analyzer, respectively [M. . Sinking particles were previously collected at 350 m in the central polynya (73.82°S, 113.07°W, 785 m water depth; Figure 1 ) with a PPS 3/3 24S sediment trap (Technicap) from 18 December 2010 to 4 January 2012. Different trap designs or mooring methods may cause different flux behavior in local flow fields in the upper 250-300 m, yielding different trapping efficiencies in reference to the 238 U-234 Th disequilibrium method [Buesseler et al., 2010] . However, the current speed monitored at 2 m below the trap was 6.0 ± 3.0 cm s À1 with monthly maximum values smaller than 19 cm s À1 from February 2012 to March 2013, potentially minimizing the flow effect.
The net PP over the summers was estimated using the VGPM (vertically generalized production model) algorithm from the MODIS (Moderate Resolution Imaging Spectroradiometer) Level 3 standard mapped images (8 day composite, 4 km resolution) of chlorophyll a, sea surface temperature, and photosynthetically active radiation (NASA Goddard Space Flight Center) [Behrenfeld and Falkowski, 1997] . For in situ PP measurements, carbon uptake rate was determined in situ using a 13 C-15 N dual isotope tracer technique during the cruises B. K. Kim et al., 2015] . The NCP was estimated from underway measurements of the ratio of dissolved oxygen and argon gases (ΔO 2 /Ar) and other environmental parameters during each cruise [Hahm et al., 2014] . A more detailed discussion of the methodology can be found in the supporting information Hahm et al., 2014; B. K. Kim et al., 2015; M. Kim et al., 2015] . Yager et al. [2016] recently published a comprehensive set of data obtained from the U.S. ASPIRE project (Amundsen Sea Polynya International Research Expedition) [Yager et al., 2012] . The U.S. ASPIRE project examined carbon-related parameters in the ASP from 13 December 2010 to 8 January 2011, a time frame that overlapped our first cruise. . This variability may have been caused by measurements at different stages of the phytoplankton bloom, in addition to potential interannual variability . The in situ PP at the peak of the bloom (2200 mgC m Lee et al. [2012] . c An average value (±standard deviation) of 8 day data points (n = 16) from November to February by the Behrenfeld and Falkowski algorithm [Behrenfeld and Falkowski, 1997] , averaged over the square, 115-110°W, 72.75-74.0°S (see text for detail and Figure 1 ).
d Averages (±standard deviations) of underway measurements in the ASP, from Hahm et al. [2014] . e These values were integrated over the surface mixed layer. BP values in 2011/2012 were recalculated from Hyun et al. [2016] . Bacterial respiration values were estimated from BP and bacterial growth efficiency of 0.06-0.14 [Carlson et al., 1999; Yager et al., 2012] . (Table 1) . These values correspond to a bacterial respiration of 800-2040 mgC m À2 d À1 based on a bacterial growth efficiency of 0.06-0.14 [Carlson et al., 1999; Yager et al., 2012] . The bacterial respiration rate in the declining bloom, even higher than the PP values, implied active bacterial utilization of the accumulated organic carbon during the bloom .
The seasonal evolution of PP in the surface water was reflected in the flux of sinking POC (Figure 2 ) . Temporal variation in POC flux closely followed that of the satellite-based estimates of net PP during the summer of 2010/2011. After the termination of the bloom, POC flux remained low (mostly <5 mgC m 
Discussion

Biological Carbon Pump in the ASP
High PP suggested by satellite observations in the ASP was consistent with our in situ measurements. Considerable amounts of in situ PP and NCP were also observed during the second cruise. Based on a comprehensive set of data, Yager et al. [2016] showed that the ASP was an efficient export system. Estimated carbon export varied between negative values (meaning import) and 900 mgC m , respectively .
Despite the high PP, only a small fraction of the produced POC reached the trap depth [Weston et al., 2013; Ducklow et al., 2015] . Observed POC flux at a depth of~400 m corresponded to 1-2.5% of PP over the three summers (Table 1 ). This finding suggests that the majority of the POC exported from the surface mixed layer was converted to nonsinking forms such as fine suspended POC and/or dissolved carbon forms, either dissolved inorganic carbon (DIC) or dissolved organic carbon (DOC), in the water column before reaching the bottom. Possible factors that influence POC flux include bacterial respiration. Ducklow et al. [2015] showed that bacterial respiration in the 50-350 m depth interval was 180-1390 mgC m 
Fate of Carbon Exported From the Surface Mixed Layer
The ASP acts as an efficient net autotrophic system if we consider the air-sea boundary. The surface water pCO 2 , determined by an underway measurement system, was considerably lower in the ASP than outside the polynya during the ASPIRE expedition in 2010/2011 [Mu et al., 2014] . Low surface water pCO 2 would facilitate absorption of atmospheric CO 2 . Absorption of atmospheric CO 2 in the austral summer and subsequent sea ice formation that blocks air-sea gas exchange makes the ASP seemingly an efficient sink of atmospheric CO 2 . Yager et al. [1995] proposed a "rectification" hypothesis for seasonally ice-covered regions in order to emphasize the role of sea ice cover in retaining the absorbed CO 2 : sea ice hinders escape of CO 2 to the
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atmosphere during the respiration-dominant winter season, hence "rectifying" the oscillation of CO 2 exchange between the sea and the atmosphere. They suggested that the atmospheric carbon absorbed during the sea ice free summer is either stored in the local sediments or transported off-shelf to the adjacent deep ocean in the sea ice-covered seasons. In the ASP, because organic carbon is not stored efficiently in the underlying sediments [M. , the absorbed atmospheric CO 2 should be transported off the Amundsen shelf. In this sense, water circulation is critical in deciding the fate of carbon in the water column.
Because of the role of warm Circumpolar Deep Water (CDW) in melting the ice shelves in the Amundsen Sea, intrusion of CDW and behavior of modified CDW in the bottom layer have been examined in several studies [e.g., Wahlin et al., 2010 Wahlin et al., , 2012 ]. An analysis of moored ADCP data obtained near the boundary of the Amundsen shelf revealed that the inflow of CDW was approximately 0.34 sverdrup (Sv) along the eastern flank of Dotson trough below 360 m depth [Wahlin et al., 2010; Ha et al., 2014] . This water flux would be enough to overturn the water on the Amundsen shelf within a year . Approximately one third of the incoming CDW leaves the shelf through the western flank of Dotson trough [Ha et al., 2014] . The intruding CDW flows to the inner shelf and helps to melt the ice shelves, thus becoming buoyant [Wahlin et al., 2012] . Ekman pumping was also suggested to cause mixing between CDW and the overlying layer [Kim et al., 2017] .
A study of surface currents based on remotely sensed wind and sea ice velocity and concentration in the Amundsen Sea suggested a prevailing westward current at the surface with higher speeds near the coast [Kim et al., 2017] . However, water circulation in the upper layer (i.e., subsurface to a depth of about 400 m) is not clearly understood. Results from four ADCP moorings within Dotson trough and LADCP results obtained during the field observations showed dominant northward flows in the upper layer [Ha et al., 2014] .
The unique physical setting of the Amundsen shelf facilitates flushing of the water in the upper layer off the shelf. The water of the upper layer above the sediment trap depth contains carbon that was absorbed from the atmosphere, transported by, and released from the sinking POC. Once the carbon-laden water exits the Amundsen shelf, it is likely to be spread and entrained into a relatively thin layer of water above the CDW (Figure 3 ). The water is subsequently subject to further CO 2 exchange; thus, the high PP in the surface ASP does not likely result in carbon sequestration to the deep interior. A potential consequence would be that the high concentration of DIC in the water may restrict further CO 2 absorption north of the sea ice zone, where photosynthetic activity is known to be relatively low even in December (0.5-1.0 gC m [Arrigo et al., 1998] . A modeling study that examined the transport of meltwater from the ice shelves implied westward coastal flow, suggesting that more than 50% of the meltwater from the Getz Ice Shelf reaches the Ross Sea [Nakayama et al., 2014] . How much of the absorbed The ASP is analogous to the Ross Sea polynya in many biogeochemical aspects. For example, there is high biological productivity in the polynyas but only a small fraction of the produced POC reaches middepths Smith and Dunbar, 1998; Asper and Smith, 1999; Collier et al., 2000] . Therefore, organic carbon is not efficiently sequestered in the underlying sediments [Sweeney, 2003] . In the Ross Sea, however, the absorbed CO 2 is subsequently entrained into the bottom water formation and thereby removed from gas exchange for a few centuries [Arrigo et al., 2008b] . Recently, a study reported DOC enrichment in dense shelf waters in the Ross Sea, which is ultimately sequestered into bottom waters . Water circulation on the Amundsen shelf is different from the Ross Sea in terms of bottom water formation [Jenkins et al., 2016] . A similar contrast in water circulation between the Amundsen Sea and the Weddell Sea, where bottom water formation occurs, was described in Petty et al. [2013] . The schematics of carbon transport processes in the two contrasting environments are presented in Figure 4 . Unlike the Ross Sea and the Weddell Sea, the Amundsen Sea lacks the means to transport carbon to the ocean interior. The continental shelf carbon pump is a process transporting DOC and DIC into the ocean interior from productive continental shelves [Tsunogai et al., 1999; Thomas et al., 2004] . For efficient carbon sequestration in polynyas, the continental shelf pump (i.e., shelf water formation that is dense enough to sink to the ocean's deep interior transporting carbon with it) should be aligned with the "rectification" effect by sea ice. The lack of a mechanism to transport the absorbed carbon to the ocean's interior dramatically reduces the sequestration efficiency of the biological pump system on the Amundsen shelf.
Water circulation within and surrounding Antarctic polynyas will eventually determine the fate of the absorbed CO 2 in the polynyas (Figure 4) . The continental shelves of Antarctica can be categorized into two groups based on water temperature near the seabed: Amundsen Sea-like and Weddell Sea-like (see Figure 1 of Petty et al., 2013) . There are three prominent regions where bottom water potential temperature is lower than À1.0°C: the Ross Sea, the Weddell Sea, and around Prydz Bay. The Ross Sea polynya and the Ronne Ice Shelf polynya in the Weddell Sea account for over 60% of the total PP in the 37 identified polynyas around Antarctica [Arrigo and van Dijken, 2003] , and these two polynyas are known as the sites of major bottom water formation [Ohshima et al., 2013] . However, the polynyas in the west Antarctic similar to the ASP are influenced by CDW intrusion onto the shelf [Pritchard et al., 2012; Petty et al., 2013] and do not likely sequester atmospheric carbon into the deep interior of the Southern Ocean. These polynyas in the west Antarctic (between the Hull Bay polynya and the Marguerite Bay polynya) account for about 14% of the total PP in the Antarctic polynyas [Arrigo and van Dijken, 2003] . As seen in the ASP case, the role of polynyas in carbon cycling should be understood in conjunction with the unique qualities of the Antarctic shelf-slope system [Collier et al., 2000] and the water circulation system that includes exchanges with the Southern Ocean [Jacobs, 1991] . 
Summary and Conclusions
During the summer field experiments in the ASP, high PP values were observed. However, sinking POC flux to about 400 m and organic carbon accumulation rate in the underlying sediments were lower than a few percent of the various PP estimates, implying that the majority of the sinking POC is converted to fine particles or dissolved forms in the water column. Therefore, carbon sequestration for long-term storage should be dependent on the water circulation pattern on the shelf and in the vicinity. Unlike the Ross Sea and the Weddell Sea, where the Antarctic Bottom Water forms, Circumpolar Deep Water intrudes deep into the Amundsen shelf along the bottom, and the carbon-laden water flows off the shelf in the upper layer. The lack of bottom water formation in the Amundsen Sea reduces the sequestration efficiency of the biological pump system.
